Abstract To evaluate the mechanical performance under two eccentric compression directions, 80 laminated bamboo lumber (LBL) column specimens were tested and analysed. Mechanical properties along two directions were compared. Bamboo nodes and drill hole are two main failure reasons for the specimens under two eccentric directions. More crack layers appeared for radial eccentric direction group specimens due to the layer structure. No matter which eccentric directions they are, the lateral deflection curves are close to the sine line, and the strain across the cross section of the LBL column for each specimen is basically linear throughout the loading process, following standard normal section bending theory. The mechanical properties for two directions are similar with each other and could follow the same design rules. Although the mechanical properties are similar for both LBL columns and parallel bamboo strand lumber (PBSL) columns as a whole, there are still some clear performance differences between the two kinds of materials. Combined all the test data under two eccentric directions, an equation for calculating the radial eccentricity influencing coefficient u e of LBL columns is proposed. The calculation results obtained from the equations give a good agreement with the test results.
Introduction
As a promising wood substitute, bamboo's structural forms in which it can be used are limited due to the diameter of the bamboo culm and the low rigidity of the bamboo. To solve these problems, modern industrial bamboo materials appeared in different forms, such as Glubam [1, 2] , parallel bamboo strand lumber (PBSL) [3, 4] , laminated bamboo lumber (LBL) [5] [6] [7] [8] [9] [10] , and so on. Bamboo tubes can be disassembled into bamboo filament bundles by passing them through a roller press crusher and then gluing it together with adhesive to form certifiable structural members. The composite material is called PBSL [3, 4] . As for LBL [5] [6] [7] [8] [9] [10] , original bamboo tubes can be disassembled into thin flat laminae first and then laminated together with adhesive to form certifiable structural members. Both the cross section and length can be controlled freely in the factory, and thus, LBL is competitive with commonly used building materials, whilst also having renewable characteristics.
Basic mechanical performances, such as tensile, shear, compressive, and bending, have been investigated by many researchers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] through small specimens, considering effects of layer structure, bamboo species, oil treatment, loading direction, processing methods, and glue type, etc, while there are not too many studies on structural members. Li et al. [13] , Sharma et al. [18] , Lee et al. [20] , Wei et al. [21] , Lima Douglas Mateus de et al. [22] , and Sinha et al. [23] have examined the bending properties of LBL beams separately in a structural size, and a good research conclusion has been given.
However, less research reports could be found for the LBL columns. Li et al. [24] have studied the buckling performance of PBSL columns under axial compression. Taheri Li et al. [25] investigated the buckling response of glue-laminated columns reinforced with fibre-reinforced plastic sheets. The study of Li et al. [26] showed that the short LBL columns (with the cross section of 100 mm 9 100 mm) in compression display a significant amount of plastic behaviour before crushing, and also showed that the stress-strain relationship in compression could be represented using a tri-linear model with an elastic portion, and elastoplastic portion and a purely plastic portion. Su et al. [27] investigated the mechanical performance of laminated bamboo lumber column pier under axial compression. Luna et al. [28] and Li et al. [29] have investigated the mechanical performance of laminated bamboo column under axial compression considering the slenderness ratio, respectively. Li et al. [3] have investigated the eccentric compression performance of PBSL column based on 45 specimens, and the designed eccentricity values are 0, 10, 25, 40, 55, 70, 80, 90, 100, and 120 mm. Li et al. [30] have investigated the mechanical properties of 35 LBL column specimens with a design dimension of 73 mm 9 73 mm 9 1000 mm under radial eccentric compression, and the test specimens have mechanical connections. As discussed above, except for Li et al. [30] 's study, it is difficult to find papers addressing the performance of LBL columns under eccentric compression.
To the best of our knowledge, a few studies on LBL in compression have been conducted under eccentric compression conditions. However, almost all columns used in the building industry experience eccentric compression. A few studies have been performed under eccentric compression for bamboo lumber pieces. Due to the low shear strength of the material and the complicated test setup, it is not easy to perform the eccentric compression test. The behaviour of structural members under eccentric compression could be significantly different from its behaviour under axial compression. This study aims to examine the tangential and radial eccentric compression behaviour of LBL structural members and investigate how the eccentricity ratio influences the behaviour of LBL columns under two eccentric compression directions on the basis of larger test specimen number.
As we all know, bamboo is one kind of anisotropic materials, and different directions have different mechanical properties. What is the mechanical performance along different directions after laminating those strips together?
In addition, are there any mechanical property differences between the LBL and PBSL columns under eccentric condition? These are interesting questions. To know the eccentric compression behaviour of LBL columns under tangential and radial deviation directions, the study will examine in detail the behaviour of full size structural members (with a design dimension of 100 mm 9 100 mm 9 1200 mm) constructed from laminated bamboo lumber with different eccentricity ratios. Detailed comparisons between the mechanical properties along two directions for the LBL columns will be investigated in the following, as well as the comparisons between the LBL and PBSL columns [3] under eccentric condition.
Materials and test methods
Harvested at the age of 3-4 years, the source Moso bamboo (Phyllostachys pubescens) was chosen from Fujian province. The cross section of bamboo strips elements for LBL is rectangle ( Fig. 1 ) with the dimension of 8 mm 9 21 mm. The length for all strips is the same as the column specimens, which means that there are no mechanical connections along the longitudinal direction for all strips. Following the same measures as mentioned by Li et al. [26] before, laminated bamboo lumbers were made finally. The final moisture content was 6.52 %, and the density was 640.25 kg/m 3 for the materials. According to the compression tests, the compression strength for the laminated bamboo is 80.43 MPa, with the modulus of elasticity of 9694.3 MPa, Poisson's ratio of 0.33.
Bamboo has three main directions, which are longitudinal, radial, and tangential. Considering two eccentric directions ( Fig. 1) , respectively, and different eccentricity values of 0, 10, 25, 40, 55, 70, 80, 90, 100, 110, and 120 mm, twenty groups of specimens, with the same cross section of 100 mm 9 100 mm and the same length of 1200 mm, were constructed. Each group consisted of four identical specimens, and the total number is 80 for all the specimens. In addition, the specimen groups are named by 'LBCC ? eccentricity'. One example was given in the following to differentiate the specimens which directions they are. The number suffixed following 'LBCC ? eccentricity' tells which eccentric direction they are. For example, the specimen from LBCC10-1 to LBCC10-4 is under radial eccentric direction, while the specimen from LBCC10-5 to LBCC10-8 is under tangential eccentric direction.
The displacements for axial direction, the quarter points, including the mid-span deflection were measured by three laser displacement sensors (LDS model: Keyence IL-300), respectively. Two strain gauges were pasted on each middle side surface of the specimens except one side surface (face D) with six train gauges, and the strain gauges were numbered, as shown in Fig. 2 . The load is along the eccentricity line which is parallel to the axial line. The test was performed using a microcomputer-controlled electrohydraulic servo universal testing machine with a capacity of 1000 kN and a data acquisition system (model: TDS-530).
The total loading time is controlled between 8 and 12 min. The load was applied initially through load control in the elastic stage, and then was changed to displacement control before the proportional limit. The test continued at a certain displacement rate until the load reduced by 15 % of the ultimate load or the middle deflection value is about 40 mm or so after the peak load point or the specimen had sustained significant damage, at which time testing was halted.
Test results and analysis

Failure modes and mechanism analysis
The main test results can be seen from Table 1 except group LBCC0. Stable failure happened for this group under axial compression, and the ultimate load values for group LBCC0 are 509.9, 537.0, 510.7, and 5144 kN. The mean ultimate load for this group is 518.0 kN with a standard deviation of 12.85 kN and a coefficient of variation of 2.5 %. Based on the mean and standard deviation quoted, the characteristic ultimate load for these specimens is 496.8 kN.
All specimens for both eccentric directions behaved elastically at the beginning of loading. With the increase of loading, the specimens showed a small amount plastic deformation and the stiffness of the column decreased significantly. Then, cracks (accompanied by a slight noise) appeared on the tensile surface A as the deflection became obvious. Finally, the load reduced by 15 % of the ultimate load or the specimen had sustained significant damage or the middle deflection value is too big. The columns shed most of the load at this time, and can be considered to have failed. Except for face C, cracks can be seen clearly from other three side surface. Bending failure always happens for all the column specimens under two eccentric directions compression.
On the basis of the first crack appearing position and damage process, three typical failure modes can be classified, respectively, for two eccentric directions. Typical failure modes for radial eccentric direction can be seen from Fig. 3 . The first one is named failure mode I (Fig. 3a) which the specimen split first around the central position in face A (tensile side) and then the cracks appeared layer by layer mainly from tensile side to inner part of the specimen with the increase of loading. Most of the test specimens failed following the first mode. The cracks in both the central position and the position close to the bracket for failure mode II (Fig. 3b ) appeared almost at the same time in the tensile surface (face A) and then the specimen split layer by layer close to the compression side. The third one is called failure mode III which the specimen split around the drill hole first in the tensile surface (face A), but the cracks did not extend on and along face A. It can be seen clearly that there is none crack on the middle part of surface A, but several layers' cracks can be seen from face B. Figure 3c shows the third final failure mode. Figure 4 shows the typical failure modes for tangential eccentric direction. Similar as radial direction, the specimen for failure mode I (Fig. 4a) split first around the central position in face A (tensile side), and then the cracks extended to the inner part of the specimen with the increase of loading. Most of the test specimens failed following the first mode. The cracks around the drill holes in the bracket part for failure mode II (Fig. 4b ) appeared first in the tensile surface (face A) and extended along the cross section. The bracket part of the specimen was broken and almost fell off. None cracks can be seen in the central part of the specimen during the whole loading process. Only two specimens damaged like this which are LBCC100-5 and LBCC110-5. Similar as failure mode II, the specimen for failure mode III split around the drill hole firstly in the tensile surface (face A) and the cracks did not extend on and along face A, but one main crack developed to the inner and middle part of the specimen. There is none crack on the middle part of surface A, but one main crack can be seen from face D clearly. Figure 4c shows the third final failure mode. N ul is the ultimate load. w ul is the deflection for the peak load point. e uasA and e uasC are the longitudinal strain for face C and face A, respectively. e ulsA and e ulsC are the lateral strain for face C and face A, respectively. s ul is the axial displacement. M ul is the ultimate moment J Wood Sci (2016) 62:503-517 507
As discussed above, typical failure modes along two directions are not exactly the same with each other. Even though the failure mode I for both directions is similar, the difference still can be found easily that more crack layers appeared for radial eccentric direction group specimens. The trait of more crack layers was embedded in all three modes for radial direction compared with that for the tangential direction. In addition, the main reason is that there are more bamboo strip layers for radial eccentric direction.
There are two main reasons for the failures of the specimens no matter which eccentric direction they are. In addition, the two main reasons are the bamboo joints and drill hole, particularly the first one. Bamboo joints are the weak point of the strips. Most of the specimens crack first in the bamboo joint area. However, no matter which failure reason it was, the deflection was very big when the specimen split. As can be seen from Table 1 , the average deflection at ultimate load is far bigger than the maximum allowable design value of 4.8 mm (L/250, where L is the length of the column). Two critical design criteria (deflection and strength) are always used for the structural members. Even though different failure modes happened, the column can still meet both the design criterion.
Load strain curves comparison
Typical load strain curves comparison can be seen from Figs. 5 and 6, which show how longitudinal strains and the lateral strains for the four middle side surfaces change with the increase of loading, respectively. All strains displayed an initial elastic phase. Face C for all specimens is always under compression condition along the longitudinal axial line no matter which eccentric direction they are. When the eccentricity value becomes bigger, the increasing speed for the strain value becomes bigger for both radial direction and tangential direction. The longitudinal strain values and lateral strain values for both face B and face D are always consistent during the whole loading process no matter how big the eccentricity value is and which eccentric direction they are. In addition, these two kinds of values become closer and closer to zero with the increasing of the eccentricity value which means that the mechanical properties for eccentric columns become more and more similar to that for the beam. Both the longitudinal strain values and the lateral strain values for face C are always the biggest among four surfaces. The ultimate longitudinal strain value on the compression surface of the specimen is biggest among four strains no matter how big the eccentricity value is and which eccentric direction they are. As defects influence the tensile strength more than compression strength, the tensile failure always happens earlier than the compression failure for the laminated bamboo column for two eccentric directions. Figure 7 plots the typical lateral deflection curves comparison for two eccentric compression directions under different load grade. Similar as that for the PBSL column [3] under eccentric conditions, the variation trends are similar for the columns no matter how the test eccentricity values are and which eccentric direction they are. The sine half-wave curves have been drawn by using the dotted lines in Fig. 7 . It can be seen clearly that the test curves are pretty much close to the sine line when the load value is small. When the load value becomes bigger and bigger, the curves are close to triangle more no matter how the test eccentricity values are and which eccentric direction they are. The equation of the deflection curve can be expressed as:
Load lateral deflection curves comparison
where w is the deflection value of the laminated bamboo lumber column, w m is the middle deflection value of the column, H is the height from the bottom to the calculation point of the column, and L is the total length of the column.
Strain distribution comparison
Figures 8 and 9 plot the typical evolution of the strain profile through the loading process for the mid-span cross section of the specimens for two eccentric directions, respectively. Similar as that for the PBSL column [3] under eccentric conditions, no matter which direction it is, the strain across the cross section of the LBL column for each specimen is basically linear throughout the loading process, following standard normal section bending theory. Due to the tensile side and compression side of the LBL materials becoming plastic, the strain profile line is curved in the two ends. One phenomenon is similar for the two eccentric directions that the neutral axis position becomes higher and higher from 0 mm to approximately 40 mm with increasing of eccentricity value and then the position does not change too much for the position 40 mm. In addition, over the course of the loading process for the specimen with small eccentricity, the neutral axis moves upwards to the middle height of the cross section, particularly during the latter part of the process. These phenomena can be seen clearly for specimen LBCC10-4 and LBCC 10-8 for each eccentric direction, respectively. However, over the course of the loading process for the specimen with large eccentricity, the neutral axis moves downwards from the centre of the column, particularly during the latter part of the process for both eccentric directions. Figure 10 plots the typical load against the middle deflection curves comparison for the specimens with different eccentricity under two eccentric directions. Similar as the performance for the PBSL column [3] under eccentric conditions, the load and deflection curves show that these specimens are under elastic compression in the initial stage, followed by nonlinear softening behaviour no matter which direction they are. After the peak load point, the lateral deflection increase quickly. The load is decreasing, while the displacement keeps increasing until failure happens. Purely plastic behaviour happens particular for the specimen with small eccentricity. As can be seen from Fig. 10 , the lateral deflection increasing rate accelerated with the increase of the eccentricity before achieving the ultimate load. Deflection caused by the initial defects influences the bearing capacity of the specimens more and more obviously as the increase of the eccentricity ratio, and the bigger the eccentricity ratio, the bigger the deflection corresponding with the peak load.
Load middle deflection curves comparison
Ultimate strain comparison for three typical faces
Figures 11 and 12 plot the ultimate longitudinal strain comparison and the ultimate lateral strain comparison for face A under two eccentric directions for LBL column and one direction for PBSL column [3] , respectively. As can be seen clearly from these two figures, the variation trends are similar for both radial direction and tangential direction which are similar as that for the PBSL column. No matter which eccentric direction it is, face A undertakes tensile stress along the longitudinal direction and compressive stress along the lateral direction with increasing of the eccentricity ratio as it is tensile face. Both the ultimate longitudinal strain values and lateral strain values are small for the column specimens with small eccentricity ratio which mean that the material strength has not been brought into full play when the specimen failed under two eccentric directions. These two kinds of values increase clearly with the increasing of eccentricity ratio initially, and then do not change too much or decrease slowly. The longitudinal strain values for face A for PBSL columns are smaller than those values for the LBL columns. Figures 13 and 14 plot the ultimate longitudinal strain comparison and the ultimate lateral strain comparison against the eccentricity ratio for face B, respectively. Similar as face A, face B undertakes compressive stress along the longitudinal direction and tensile stress along the lateral direction no matter which eccentric direction and which material the specimen is. Both the absolute longitudinal strain values and the absolute lateral strain values increase with the increasing of eccentricity ratio initially, and then decrease after approximately 0.4 for the eccentricity ratio value for both two eccentric directions for LBL columns. Even though the overall trends are similar for two kinds of the materials, the absolute longitudinal strain values for PBSL columns [3] decreased after the eccentricity ratio value exceeded 0.8 which is bigger than that for LBL columns. In addition, the ultimate lateral strains values were very scattered for PBSL columns.
Figures 15 and 16 plot the ultimate longitudinal strain comparison and the ultimate lateral strain comparison against the eccentricity ratio for face C, respectively. As compression face, face C undertakes compressive stress along the longitudinal direction and tensile stress along the lateral direction no matter which eccentric direction and which material the specimen is. Following the similar trends, both the longitudinal strain values and the absolute lateral strain values are small for the column specimens with small eccentricity ratio under two eccentric directions. Similar as face A, these two kinds of values increase clearly with the increasing of eccentricity ratio initially, and then do not change too much or decrease slowly for both eccentric directions. The strain values for LBL columns decreased earlier than those for PBSL columns [3] .
Combined analysis Ultimate displacement comparison
Figures 17 and 18 plot the ultimate middle deflection comparison and ultimate axial deformation comparison for LBL columns under two eccentric directions and for PBSL columns [3] with different eccentricity ratio. As can be seen from Fig. 17 , the ultimate middle deflection values become bigger and bigger with the increase of the eccentricity ratio as a whole and then they do not change too much or decrease slightly. However, the ultimate axial deformation keeps increasing with the increasing of eccentricity ratio, as shown in Fig. 18 , which is different from the ultimate middle deflection for both two eccentric directions. Similar as the absolute values for the strains, the ultimate middle deflection values for PBSL columns keep increasing for a longer time than that for LBL columns.
Based on the test results, the relationship between ultimate middle deflection and eccentricity ratio, under the conditions mentioned previously, can be expressed as follows, respectively: where w ur and w ut are the ultimate middle deflection of the LBL column for radial eccentric direction and tangential eccentric direction, respectively (mm), w us is the ultimate middle deflection of the PBSL column (mm), e 0 is the eccentricity value of the PBSL column (mm), and h is the height along the eccentric direction of the cross section (mm). According to the test results for the specimens under the conditions mentioned previously, the relationship between ultimate axial deformation and eccentricity ratio can be expressed as: 
where S ur and S ut are the ultimate axial deformation of the LBL column for radial eccentric direction and tangential eccentric direction, respectively (mm), and S us is the ultimate axial deformation of the PBSL column (mm).
Ultimate bearing capacity comparison
Figures 19 and 20 plot the ultimate load comparison and the ultimate moment comparison for columns with different eccentricity ratios for ultimate load under two eccentric directions. The ultimate load values decrease quickly with the increase of the eccentricity ratio in the beginning, and then decrease slowly. However, the ultimate moment increases first and then do not change too much or decrease slightly. The eccentricity ratio is the main influencing factors on the bearing capacity of the columns. The relationship between ultimate load and eccentricity ratio, under the conditions mentioned previously, can be expressed as:
where N ulr and N ult are the ultimate bearing capacity of the LBL column for radial eccentric direction and tangential eccentric direction, respectively (kN), and N ul is the ultimate bearing capacity of the PBSL column (kN).
On the basis of the test results, the relationship between ultimate load and eccentricity ratio, under the conditions mentioned previously, can be expressed as: where M ulr and M ult are the ultimate moment of the LBL column for radial eccentric direction and tangential eccentric direction, respectively (kN), and M ul is the ultimate moment of the PBSL column (kN). Figure 21 plots the ultimate moment and load relationship comparison for the columns. It can be seen clearly that there is one limit state for all three figures. The trends for M ul -N ul curves are similar as that for reinforced concrete columns under eccentric condition. For the specimen with smaller eccentricity values, the N ul values for LBL columns decrease more quickly with the increasing of M ul than the N ul values for PBSL columns.
As discussed above, the mechanical properties for two eccentric directions are similar with each other even though the failure modes are somewhat not very same for LBL columns. That is to say, they could follow the same design rules when used in the construction area. While even though the mechanical properties are similar for both LBL columns and PBSL columns [3] as a whole, there are still some clear performance differences between the two kinds of materials. It might be not proper to ignore the difference when designing. Anyway, they have different inner structures and production processes and technologies with each other.
Calculation for the ultimate bearing capacity
The eccentricity influencing coefficient u e for calculating the ultimate bearing capacity can be expressed as follows: In reality, there is interaction between the eccentricity influencing coefficient and geometric parameters of the laminated bamboo lumber columns. Combining with the numerical analysis and then reevaluating the constant coefficients by statistical regression on the whole test data set, an equation for calculating the eccentricity influencing coefficient u e of laminated bamboo lumber columns can be expressed as:
where e 0 is the eccentricity value of the LBL column, and h is the height along the eccentric direction of the cross section. According to formula (14) , the ultimate bearing capacity can be calculated by the following equation: It can be seen clearly that the standard deviation coefficients for most of groups are no more than 0.052 except one group with the eccentricity value of 100 mm. The standard deviation coefficient for group LBCC100 is 0.0608 which is also not very big. In addition, most of the coefficients of variation are less than 0.051 except group LBCC100 with the value of 0.0628. As a whole, all these two kinds of values are small. That is to say, the calculation results obtained from the equation give good agreement with the test results.
All the equations presented in this paper show how the factors investigated were found to influence the mechanical performance of columns under eccentric compression in this particular series of the tests, and give reference for further work to establish a generally applicable formula for code adoption.
Conclusions
To investigate the mechanical properties of laminated bamboo lumber column under radial and tangential eccentric compression, 80 column tests have been performed. Based on the analysis of the test data, the following conclusions can be drawn.
1. Even though three typical failure modes can be divided for both two eccentric directions, they are not exactly the same with each other. More crack layers appeared for radial eccentric direction group specimens due to the layer structure. 2. There are two main reasons which are the bamboo joints and drill hole for the failures of the specimens under two eccentric directions, particularly the first one. The tensile failure always happens earlier than the compression failure for the laminated bamboo as defects influence the tensile strength more than compression strength. 3. No matter which eccentric directions they are, the lateral deflection curves are close to the sine line, and the strain across the cross section of the laminated bamboo lumber column for each specimen is basically linear throughout the loading process, following standard normal section bending theory. 4. The mechanical properties for two eccentric directions are similar with each other. The ultimate strain values variation trend are similar for both two eccentric directions, so are the ultimate displacement values and the ultimate bearing capacity values. Thus, they could follow the same design rules when used in the construction area. 5. Even though the mechanical properties are similar for both LBL columns and PBSL columns as a whole, there are still some clear performance differences between the two kinds of materials. 6. Combined all the test data under two eccentric directions, an equation for calculating the radial eccentricity influencing coefficient u e of LBL columns is proposed. The calculation results obtained from the equations give good agreement with the test results.
